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ABSTRACT 
 
The topic of embankment breaching has recently drawn more and more attention due to its 
importance in the development of early warning systems for embankment failures, in the evacuation 
plans of people at risk and in the design method of embankments based on a risk-approach, etc. The 
erosion process observed during embankment breaching tests in the laboratory and the analysis of 
the results are described in this paper. Five embankments, one constructed with pure sand, four with 
different sand-silt-clay mixtures were tested. The height of the embankments was 75 cm and the 
width at the crest was 60 cm. Examination of the data from these tests indicates that headcut erosion 
played an important role in the process of breach growth in the embankments built of cohesive soil 
mixtures. Flow shear erosion, fluidization of the headcut slope surface, undermining of the headcut 
due to impinging jet scour and discrete soil mechanical slope mass failure from the headcut have all 
been observed during these tests. For the embankment constructed with pure sand, the breach 
erosion process was dominated by shear erosion, which led to a gradual and relatively uniform 
retreat of the downstream slope. The cohesive proportion in the sand-silt-clay mixtures strongly 
slowed down the erosion process. 
 
 
1. INTRODUCTION 
 
Embankments, including both (river and sea) dikes and earth dams, are of large benefit to people 
worldwide. For example, the Netherlands has many kilometers of dikes to protect the lowland 
against flooding from either sea or rivers. In the absence of dikes and dunes more than 65% of the 
country would be flooded at high sea and high river levels. Currently there are about 45000 dams 
higher than 15 m throughout the world, of which about 73% were built in the last 50 years. These 
dams and their reservoirs provide benefits in water supply, irrigation for agriculture, flood control, 
hydropower, inland navigation and recreation, etc (ICOLD, 1997).  
Nevertheless, destructive disasters can occur if an embankment fails. In February 1953 in the 
Netherlands, dike breaches in about 900 places due to heavy storm surge led to one of the biggest 
natural disasters in the Dutch history: 1835 people lost their lives and a direct economic loss of 
about 14% of the Dutch GDP was caused (Huisman et al., 1998). In 1889, overtopping of the South 
Fork Dam, Pennsylvania, USA, caused over 2200 deaths and large property losses (Singh, 1996). In 
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August 1975, the uncommonly heavy rainstorms (maximum 6-hour rainfall 830 mm) in central 
China caused disastrous failure of the Banqiao Reservoir Dam and the Shimantan Reservoir Dam 
with 26000 deaths (Pan, 2000). Therefore, understanding the physics of breach growth in 
embankments and modeling the breach development process, is of significant importance to the 
development of early warning systems for embankment failures, to the evacuation plans of people at 
risk and to the design method of embankments based on a risk-approach, etc.  
Various experiments on the breaching of embankments have been conducted during the last 
several decades (Zhu et al, 2004). These experiments include both large-scale tests in the field and 
small-scale tests in the laboratory. The former includes, e.g. Pan and Loukola (1993), Visser et al. 
(1991 and 1996), Meadowcroft et al. (1996), Hahn et al. (2000) and Höeg et al. (2004). The small-
scale tests in the laboratory include numerous flume and wave basin experiments, which can be 
found in e.g. Powledge and Dodge (1985), Fujita and Tamura (1987), De Looff et al. (1997), Visser 
(1998), Tingsanchali and Chinnarasi (2001), Coleman et al. (2002), Rozov (2003) and Mohamed et 
al. (2004). Nevertheless, the breach formation and development in embankments is such a 
complicated process with various influencing factors involved in, such as profile and structure of 
embankment, type of foundation (erodible or non-erodible), type of material (cohesive or non-
cohesive), causes of failure (overtopping, piping, slope sliding, etc.). Despite the many experiments 
conducted and the insight gained, our understanding of the embankment breaching mechanism is 
still unsatisfactory. 
In the last forty years, particularly since the 1980's, many mathematical models have been 
developed for the simulation of breach growth in embankments, e.g. Fread (1988), Singh and 
Scarlatos (1988), Visser (1998), Mohamed et al. (2002), Wang and Bowles (2006) and Zhu et al. 
(2006). The calibration and validation of most of these models remain, however, problematic due to 
the lack of good empirical data. 
In order to improve the knowledge of the process of embankment breaching and to collect data 
for the calibration and validation of a new embankment breaching mathematical model (see Zhu et 
al., 2006), five laboratory tests were conducted at Delft University of Technology (DUT) in the 
Netherlands in 2005. This paper summarizes the results from these tests. Further analysis of the 
experimental data is still ongoing. 
 
 
2. EXPERIMENTAL SET-UP 
 
2.1 Layout of the Flumes 
 
The tests were conducted in a straight flume 35.5 m long, 0.8 m wide and 0.85 m deep (see Flume 1 
in Figure 1). Another straight flume (Flume 2 in Figure 1), 27.0 m long, 2.0 m wide and 0.4 m deep 
was used as a "storage basin" for water recirculation during the experiments; this flume had a 
sediment trap at one end and a water inlet at the other end. 
Due to the limited width of Flume 1, the tests focused on the first three stages of the five-step 
breach erosion process in embankments (see Visser, 1998 and Zhu et al., 2005), in which the breach 
develops mainly vertically with only ignorable widening. A vertical wooden wall was placed in the 
middle of Flume 1 to narrow the length of the embankment section to 40.0 cm. Another vertical 
wooden wall was constructed perpendicularly to the middle wall to separate the upstream "sea or 
river" from the downstream "polder", see Figure 1. 
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Figure 1 Sketch of the two flumes in the experiments. 
 
 
2.2 Experimental Program 
 
Altogether five tests were conducted, one with an embankment constructed with sand (test Ts), four 
with embankments constructed with different mixtures of sand, silt and clay (tests T1, T2, T3 and T4). 
Much attention was paid to get a proper sand-silt-clay mixture. A series of tests were carried out to 
measure the properties of the soil. Soil wet density (ρs) and water content (ω) were determined for 
each compacted layer of the embankment during embankment construction. Soil particle size 
distribution was determined by sieve analysis and sedigraph analysis. The pycnometer was applied 
to measure the soil particle specific density (Gs). Soil optimum water content (ωopt) and maximum 
dry density (ρdm) were determined by Proctor compaction tests for test T1. Soil unconfined 
compression tests were run by use of triaxial test apparatus to measure the undrained shear strength 
(cu) for each of the four embankment tests with sand-silt-clay mixtures. Figure 2 shows the particle 
size distributions of the sand (for test Ts) and the sand-silt-clay soil mixtures (for tests T1, T2, T3 and 
T4). Table 1 summarizes the results of those soil property tests. 
 
  4 
0.1 1 10 100 1000
0
10
20
30
40
50
60
70
80
90
100
Pe
rc
en
ta
ge
 p
as
sin
g 
(%
)
Particle diameter (10 -6m)
 test T
1
 tests T
2
, T3 and T4
 test T
s
 
 
Figure 2. Soil particle size distributions. 
 
Table 1. Summary of soil properties. 
 
Item Ts T1 T2 T3 T4
Gs 2.66 2.67 2.67 2.67 2.67 
ρs (kg/m3) 1650 1938 1936 1951 1948 
ω (%) 20.1 17.6 16.7 16.7 15.4 
cu (kPa)  22.10 24.63 26.42 26.75 
ωopt (%)  11.5    
ρdm (kg/m3)  1940    
Void ratio 0.94 0.62 0.61 0.60 0.58 
Degree of saturation (%) 57.1 75.8 73.2 74.7 70.7 
Sand (> 50 µm) 99.0 50.5 54.6 54.6 54.6 
Silt (> 2 µm) 1.0 37.5 35.1 35.1 35.1 Composition (%) 
Clay (< 2 µm) 0.0 12.0 10.3 10.3 10.3 
Median particle diameter D50 (µm) 91 53 63 63 63 
 
All the five tests have the same embankment configuration and dimensions, as summarized in 
Table 2 and shown in Figure 3. The height of the embankment was set as high as the flume 
permitted to allow observation of the embankment breach erosion process as clear as possible under 
the given flume conditions. 
 
2.3 Experimental Procedure 
 
The embankment was constructed in the flume by placing soil in horizontal loose lift layers about 
0.10 m thick (except 0.20 m for test Ts). A hand-operated compaction roller was used to compact 
each loose layer. Special attention was paid to the compaction of soil against the two sidewalls. 
Before starting the embankment construction, a soil fill test was performed to establish a 
relationship between the number of passes (Np) of the roller and the achieved soil dry density. 
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Except test T1 in which Np = 4, for all the other tests, including test Ts, Np = 2 was applied. After the 
embankment was built, careful trimming of the embankment was done in accordance with the 
designed embankment profile. 
 
Table 2. Embankment dimensions and configurations. 
 
Parameter Value 
Embankment height 75.0 cm 
Embankment crest length 40.0 cm 
Embankment crest width 60.0 cm 
Embankment inner slope 1:2.0 
Embankment outer slope 1:2.0 
Thickness of soil foundation 0.0 cm 
 
 
 
 
Figure 3. Cross-section of the embankment. 
 
The water levels both upstream and downstream of the embankment were measured with four 
wave height meters, see G14, G15, G16 and G17 in Figures 4 and 5. Flow velocities in the flume 
axis and transverse directions were measured with three electromagnetic velocity sensors (EMSs, 
see E7, E10 and E11 in Figures 4 and 5). The process of breach growth was videotaped with two 
digital video cameras (VC1 and VC2 in Figures 4 and 5) and photographed with two digital cameras 
(DC1 and DC2 in Figures 4 and 5) placed at one side of the flume, except DC2 above the flume at 
the downstream side of the embankment. To facilitate reading of the development of the 
embankment profile from the recorded pictures and videos, horizontal and vertical lines were drawn 
on the glass sidewall of the flume at mutual distances of 10 cm. 
Before starting the test, water was first pumped into the "storage basin" Flume 2, and then the 
upstream section of Flume 1 was also filled through the water inlet. A suitable wood board and a 
suitable sandbag were cautiously placed on the dike crest to prevent water from overflowing the 
dike before the upstream water level had risen to a certain height (normally 5.0 cm above the dike 
crest). Whereafter the wood block and sandbag were taken away quickly to start the dike breaching 
process. From then on, water was recirculated by pump and pipes (see Figure 1). 
 
 
3. RESULTS AND DISCUSSIONS 
 
For tests T1, T2, T3 and T4 (i.e. the tests with sand-silt-clay mixtures), it was observed that erosion 
usually occurred first at locations close to the toe of the embankment when the embankment was 
overflowed (except for test T4). Soon this erosion extended to the entire slope, with a larger erosion 
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rate occurring at the lower part of the slope than at the upper part, inducing a steepening of the slope 
in time (see e.g. Figure 6). Besides the toe of the embankment, the transition area between the 
embankment crest and the downstream slope was the second place susceptible to earlier and faster 
erosion. Erosion at the embankment crest was relatively slow, depending mainly on the erosion 
resistance of the soil material. However, this erosion lowered the height of the embankment and 
increased the breach flow rate in time, which in its turn accelerated the breach erosion process. 
 
 
 
Figure 4. Top view of experimental apparatus in the flume (drawing not to scale). 
 
 
 
 
Figure 5. Vertical positions of experimental apparatus in the flume (drawing not to scale). 
 
The steepened downstream slope of the embankment evolved gradually into a headcut (a 
headcut here means a vertical or near vertical drop or discontinuity on the flow-bed). Then the 
breach flow, instead of flowing down attached to the headcut slope, impinged like a jet onto the 
downstream flume bottom, imposing considerable erosive forces on the toe of the slope (see Figure 
7). Strong scour of the toe of the slope (i.e. headcut undermining) due to the jet impingement was 
observed in all the four tests with sand-silt-clay mixtures. This undermining generally resulted in a 
reverse slope at the lower part of the headcut (see e.g. Figure 6). During the tests soil mechanical 
slope mass failure occurred discretely from the headcut, however, not very frequently. Yet, when 
this slope mass failure occurred, the loss of soil from the headcut could be a very large chunk, 
followed by an instant increase of the breach flow. It was also noted that, in many cases the 
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occurrence of headcut slope mass failure was accompanied by appearance of crack(s) on the top of 
the headcut. 
Fluidization and consequently failure of the headcut surface layer due to the diffused falling 
water was also observed during the tests. This effect speeded up the retreat of the headcut and 
accordingly the overall rate of embankment breaching. However, this process is very dynamic and 
irregular and therefore quantification of it is very difficult. 
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Figure 6. Embankment profile development of test T3. 
 
 
 
Figure 7 Headcut and breach flow jet impingement (test T4). 
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For tests T1, T2, T3 and T4, the transition between the embankment crest and the downstream 
slope sometimes eroded into a rounded angle. Then the breach flow did not flee away from the 
downstream slope at the top, instead it rushed down along the slope and detached from the slope at a 
certain lower point and impinged towards the foundation with less strong scour potential. 
For the sand-embankment test Ts, erosion was first observed to occur at the upper half of the 
downstream slope of the embankment, and then a bar was developed at the lower part of the slope 
(see Figure 8). The upper portion of the slope was steepened in time and a headcut was also formed, 
showing similar characteristics as the tests with sand-silt-clay mixtures (which was not expected 
before the test). The mainstream of the breach flow also fled away from the headcut at the headcut 
brink, however, no large slope mass failure was observed from the headcut. The backward migration 
of the headcut was mainly due to the surface erosion from the slope. Later, when this erosion 
approached the upstream slope of the embankment, the gradient of the headcut became gentler and 
remained more or less constant thereafter, indicating more or less uniform erosion along the slope. 
Comparing the time scale of the test with pure sand (i.e. test Ts) and the tests with sand-silt-
clay mixtures (i.e. tests T1, T2, T3 and T4) shows that the influence of soil cohesiveness on the 
breach erosion process is very remarkable. Under the same embankment profile and similar 
hydraulic conditions, the whole duration of test Ts lasted less than 3 minutes, which is very fast 
compared with the four tests with sand-silt-clay mixtures, as summarized in Table 3. This 
demonstrated that the cohesive portion in the soil mixtures strongly slowed down the erosion 
process. For test T1, the factors (among others, if still any) contributing to the very long breaching 
duration definitely include its higher (although not much) clay proportion and the larger compaction 
applied. However, for test T4, unlike the other three tests with cohesive soil mixtures, the erosion 
initiated more or less in the middle of the downstream slope when it was overflowed, probably due 
to uneven compaction during embankment construction, resulting in the formation of a headcut 
much sooner than expected and considerable speeding up of the breach erosion process. 
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Figure 8 Embankment profile development of test Ts. 
 
Table 3 Summary of duration of the five tests. 
 
 Ts T1 T2 T3 T4
Duration (min) 2.7 553 247 245 178 
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4. CONCLUSIONS 
 
Laboratory experiments on embankment breaching are described in this paper. Five embankments, 
one built of pure sand, four of sand-silt-clay mixtures were tested. The embankments all have a 
height of 75.0 cm and a width of 60.0 cm at the crest. The inclination of both slopes is 1:2.  
For the tests constructed with cohesive soil mixtures, erosion usually initiated at locations 
close to the toe of the embankment when overflowed. This erosion soon extended to the entire slope, 
with a larger erosion rate occurring at the lower part of the slope than at the upper part, inducing a 
steepening of the slope in time. The steepened downstream slope of the embankment evolved 
gradually into a headcut. Headcut underminning due to jet impingement of the breach flow was 
observed and usually resulted in a reverse slope at the lower part of the headcut. Soil mechanical 
slope mass failure occurred discretely from the headcut, though not very frequently. However, when 
this slope mass failure occurred, it caused a large chunk of soil loss from the headcut followed by an 
instant increase of the breach flow. It was also noted that, in many cases the occurrence of headcut 
slope mass failure was accompanied by appearance of crack(s) on the top of the headcut. 
In the test with pure sand, headcut was also formed, which was not expected. However, no 
large slope mass failure was observed from the headcut. The backward migration of the headcut was 
mainly due to the surface erosion from the slope. 
Comparison of the testing duration between the five tests indicates that the cohesive portion in 
the sand-silt-clay soil mixtures strongly slowed down the erosion process. Further, the higher the 
clay proportion in the soil mixtures was, the lower erosion rate was induced. 
The tests have confirmed the breach erosion mechanism of embankments in the first three 
stages of the breach development process (see Visser, 1998 and Zhu et al., 2005). Further analysis of 
the experimental data is still ongoing. The data will also be used to calibrate and validate a new 
embankment breaching mathematical model (see Zhu et al., 2006). 
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